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Today’s Agenda

• What is Thermal Systems Engineering?

• Considerations for Heat Transfer

• Thermal “Tools of the Trade”

• Case Study: Mars 2020 and the Perseverance Rover

• Case Study: Nancy Grace Roman Space Telescope and the 

JPL Coronagraph Instrument (CGI)

• Conclusions
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What is Thermal Systems Engineering?

• Management of the heat flow and temperatures in spacecraft

• Critical to maintain components within acceptable temperature limits for 

mission success.

Sunlight 

comes in

Electronics 

Inside

Heat radiates 

away

• The Thermal Systems Engineer 

participates in every aspect of the 

mission:

• Early Design Ideas

• Computer Models

• Hardware Drawings

• Assembling Hardware

• Performing Testing

• Daily In-Flight Mission Operations
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Equations for Thermal Heat Transfer

• 3 Primary Heat Transfer Equations, in their steady-state formulation:

• Conduction: 𝑄𝑐𝑜𝑛𝑑 = 𝑘 ∗
𝐴𝑐

𝐿
∗ (𝑇1- 𝑇2)

• Convection: 𝑄𝑐𝑜𝑛𝑣 = ℎ ∗ 𝐴𝑠 ∗ (𝑇1− 𝑇2)

• Radiation: 𝑄𝑟𝑎𝑑 = 𝜎 ∗ 𝐴𝑠 ∗ 𝜀 ∗ 𝐹 ∗ (𝑇1
4 − 𝑇2

4)

• Thermal design is primarily an effort to balance the three heat transfer methods 

to result in acceptable temperatures: 

• 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 − 𝑄𝑐𝑜𝑛𝑑 − 𝑄𝑐𝑜𝑛𝑣 − 𝑄𝑟𝑎𝑑 = 0 (steady-state)

• 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 − 𝑄𝑐𝑜𝑛𝑑 − 𝑄𝑐𝑜𝑛𝑣 − 𝑄𝑟𝑎𝑑 = 𝜌𝑉𝐶𝑃 ∗
𝑑𝑇

𝑑𝑡
(transient)

• Qinternal examples includes electronics dissipation, heater power, or Solar loading

• 𝑄𝑠𝑜𝑙𝑎𝑟 = 𝛼 ∗ 𝑆 ∗ 𝐴𝑠

h = Convection Heat Transfer Coefficient (W/m2K)

AS = Surface Area (m2)

 = Stefan-Boltzmann constant (W/m2K4)

 = Surface Emittance (0-100%)

F = View Factor between surfaces

 = Material Density (kg/m3)

V = Material Volume (m3)

CP = Material Specific Heat (J/kg.K)

S = Solar Constant (W/m2)

 = Surface Solar Absorptance (0-100%)

Q = Heat Transfer (Watts)

k = Thermal Conductivity (W/m.K)

AC = Cross-Sectional Area (m2)

L = Length (m)

T =Temperature (Kelvin)

In the vacuum of space the 

primary methods of heat transfer 

are Conduction and Radiation

Shreckengost,          

March 11, 2021
This document has been reviewed and determined not to contain export controlled technical data. 4



jpl.nasa.gov

Conduction Considerations
𝑄𝑐𝑜𝑛𝑑 = 𝑘 ∗

𝐴𝑐

𝐿
∗ (𝑇1- 𝑇2)

• Conduction heat transfer is based on material and geometry:

• High conductivity materials (ex: Aluminum) are efficient at spreading heat

• Low conductivity materials (ex: Titanium) are used to limit heat flow

• Thermal interface materials (RTV, epoxy, etc.) can significantly improve 

heat transfer across an interface

• Consideration must also be given to the mass and strength of the 

material for structural applications

[1] Gilmore, D. (ed.), “Spacecraft Thermal Control Handbook,” 2nd ed., The Aerospace Corporation, 2002.

[2] www.matweb.com, 2020, MatWeb–The Online Materials Information Resource. 

Thermal 

Conductivity

k (W/m-K)

G-10 

Fiberglass 

Epoxy 

0.29 W/m-K 

[2]

Ti-6Al-4V
7.3 W/m-K 

[1]

Al-6061 T6
167.9 W/m-K 

[1]

Copper 398 W/m-K [1]

Common Thermal Materials

Titanium Bipods Reduce Conduction 

Between Mating Components

G-10 Washers Reduce Conduction 

Across Bolted Joints [1]

RTV 

RTV Fills the Irregularities 

Between Surfaces for 

Improved Heat Transfer

Shreckengost,          

March 11, 2021
This document has been reviewed and determined not to contain export controlled technical data. 5

http://www.matweb.com/


jpl.nasa.gov

Radiation Considerations
𝑄𝑟𝑎𝑑 = 𝜎 ∗ 𝐴𝑠 ∗ 𝜀 ∗ 𝐹 ∗ 𝑇1

4 − 𝑇2
4 ; 𝑄𝑠𝑜𝑙𝑎𝑟 = 𝛼 ∗ 𝑆 ∗ 𝐴𝑠

• Radiative heat transfer is based on material surface 

properties and geometry:

• Emissivity () indicates ability to radiatively reject heat 

to a colder temperature sink (0-100%)

• View Factor (F) captures the relative view of a given 

surface to other surfaces (0-100%) 

• High emissivity coatings maximize heat rejection, 

while low emissivity provides better insulation. 

[1] Gilmore, D. (ed.), “Spacecraft Thermal Control Handbook,” 2nd ed., The Aerospace Corporation, 2002.

Solar 

Absorp-

tance ()

Emissivity 

()

/

Ratio

Black Paint 0.96 0.91 1.05

White Paint 0.19 0.89 0.21

Vapor-

Deposited 

Gold

0.19 0.02 9.5

Aluminized 

Kapton (2 mil)
0.39 0.73 0.53

Common Thermal Surface Coatings [1]

*All values shown as Beginning-of-Life (BOL)

• Emissivity occurs in the IR spectrum, but most spacecraft are also subject to incident 

radiation in the Solar spectrum.

• Solar absorptance () indicates ability to absorb incident solar radiation (0-100%).

• For a sun-facing surface, it is ideal to minimize the / ratio to avoid overheating

• Surface coatings degrade over time with exposure to the space environment

• Spacecraft designs must consider both Beginning-of-Life (BOL) and End-of-Life (EOL) properties
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Thermal Tools of the Trade
Passive Devices

• Constant Conductance Heat Pipe: 

• Increased heat transfer over longer distances 

via evaporation and condensation of an 

encapsulated working fluid (commonly 

ammonia).

• Additional test considerations in gravity to 

avoid “dry out”

• Thermal Radiator: 

• Primary method for spacecraft heat rejection.  

Often a white painted panel with a clear view 

to space. 

• Multi-Layer Insulation (MLI):

• Several layers of low emissivity () layers for 

overall reduced effective emittance (*)

• Dacron separation layers minimize conduction 

through the stack.  

• Only works in a vacuum, otherwise convection 

would overwhelm performance

Heat Pipe Schematic

...

Aluminized Kapton

Aluminized Mylar

Dacron netting

Aluminized Mylar
Dacron netting

Typical MLI Layup

Spacecraft

Radiator

Heat Rejection 

to Space
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Thermal Tools of the Trade
Active Devices

• Thermal Heater:

• Etched foil or metal wire traces encapsulated in Kapton, 

provides heat when current is applied.

• Bonded with thermal adhesive to the hardware to be 

controlled

• Platinum Resistor Thermometers (PRTs):

• Calibrated relationship between resistance and 

temperature allows for in-flight temperature 

measurements.

• Provides control inputs for electronics heater control. 

• Mechanical Thermostats:

• Internal bi-metallic spring closes and opens the circuit 

at prescribed temperatures.

• Often used for survival heaters when control electronics 

are powered off and autonomous operation is required. 

Example Thermal Heater [1]

Example PRT Bonded to Hardware [2]

Example Mechanical Thermostat & Wiring 

[2]

[1] http://www.taycoeng.com/products.htm

[2] https://sps.honeywell.com/us/en/products/sensing-and-iot
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Case Study: Mars 2020 & Perseverance Rover 

• Designed for 3 distinct Thermal 

Environments:

• Cruise to Mars

• Vacuum of Space

• Entry, Descent, and Landing 

• Thermal heating during atmospheric 

entry

• Rover Surface Operations

• Mars surface environment
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Case Study: Mars 2020
Cruise Stage

RadiatorsHeaters MLI

Heat Shield: 
• Phenolic Impregnated Carbon 

Ablator (PICA), sized to protect the 

Descent Stage during atmospheric 

entry.
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Case Study: Mars 2020
Descent Stage and Rover

• Like Curiosity, the Perseverance Rover carries 

a Multi-Mission Radioisotope Thermoelectric 

Generator (MMRTG).

• This not only electrically powers the vehicle, but 

the waste heat is used for thermal management 

of the vehicle.

[1] Novak, K., Miller, J., Paris, A., & Kelly, F., “Thermal Response of the Mars Science Laboratory Spacecraft during Entry, Descent, and Landing,” 46th

International Conference on Environmental Systems, 2016.

[2] Novak, K., Kempenaar, Ja., Redmond, M., & Bhandari, P., “Preliminary Surface Thermal Design of the Mars 2020 Rover”, 46th International 

Conference on Environmental Systems, 2015.

• The Heat Rejection Subsystem (HRS) uses an 

actively pumped fluid loop to transfer heat

• During Cruise, this is the primary path of heat 

rejection from the Rover to the Cruise Stage 

radiators

• During Surface Operations, the fluid loop manages 

the temperature of internal Rover instruments.  

• In cold conditions heat is brought in from the MMRTG.

• In hot conditions that heat is diverted to external 

panels.

• The Rover also has several “warm-up” heaters 

onboard for daily mobility activities.

Rover HRS Schematic [1]

HRS Tubing on the Rover (Top Deck Removed) [2]

Shreckengost,          

March 11, 2021
This document has been reviewed and determined not to contain export controlled technical data. 11



jpl.nasa.gov

Case Study: Roman Space Telescope

• The Nancy Grace Roman Space Telescope is a flagship 

NASA astrophysics mission planned for launch in the mid-

2020s, managed by the Goddard Space Flight Center.

• Wide Field Instrument (WFI) – Primary science instrument 

dedicated to exploring dark energy, dark matter, and  

microlensing exoplanet census.

• Coronagraph Instrument (CGI) – Technology demonstration 

instrument provided by JPL to demonstrate coronagraphic 

technologies (ex: direct imaging of exoplanets) for future 

missions.

• The Roman Space Telescope will operate at Sun-Earth 

Lagrange 2 (L2) orbit

• Thermal and mechanical stability must be maintained over 10 

hour optical observation scenarios

[1] Poberezhskiy, I., Luchik, T., Zhao, F., Frerking, M., Creager, B., Kempenaar, Jo., Shreckengost, B., et. al, “Roman Space Telescope 

Coronagraph: Engineering Design and Operating Concept”, SPIE Digital Forum, 2020.

The Roman Observatory and CGI 

must be Mechanically and 

Thermally Stable to meet 

Performance Requirements

CGI
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Case Study: Roman Space Telescope

• CGI’s thermal design emphasizes active heater control with milli-Kelvin capability.  Optics 

are thermally isolated from the high heat dissipation of the Avionics.

• Constant Conductance Heat Pipes transfer the heat from the Avionics to the Warm Radiator

• Thermal Straps transfer heat from the Cryogenic Camera detectors to the Cryogenic Radiator

• Bipods provide isolation between the assemblies.

JPL Coronagraph Instrument (CGI)

Heaters

Warm 

Radiator

Cryogenic 

Radiator

MLI Support 

(MLI hidden)

Avionics

Optics

PRT
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Case Study: Roman Space Telescope
JPL Coronagraph Instrument (CGI)

CGI Thermal Architecture
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Conclusions

• Thermal Engineering fundamentally rests on 3 key equations: 

Conduction, Convection, and Radiation. 

• In the vacuum of space it’s only 2!

• Each mission has unique requirements and it’s important to 

know your design constraints early.

• Thermal designs leverage from many existing technologies, 

but often unique challenges call for innovative solutions.
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